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Elemental Sulfur as a Versatile Low-Mass-
Range Calibration Standard for Laser
Desorption Ionization Mass Spectrometry
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Facile generation of series of singly charged radical anions (Sn
�•; n � 1–15) and cations (Sn

�•;
n � 2–11) by direct laser ionization renders elemental sulfur an excellent material for the
low-mass-region calibration of time of flight (TOF) mass spectrometers. Upon irradiation by a
337-nm UV laser, elemental sulfur undergoes facile ionization without the need of an
additional laser-absorbing matrix. An intense and evenly spaced set of peaks is obtained in
both modes. (J Am Soc Mass Spectrom 2010, 21, 112–116) © 2010 Published by Elsevier Inc.
on behalf of American Society for Mass Spectrometry

Operation of every mass spectrometer entails a
procedure called mass axis calibration to con-
vert experimentally measured intensity-time

profiles into more practical intensity-m/z plots. This mo-
dus operandi is accomplished by acquiring a series of
peaks for a set of ions of known elemental composition
from a single compound or a mixture of compounds.
Depending on the ionization technique, varieties of com-
pounds (or their mixtures) have been utilized for calibra-
tion. In addition to mass axis calibration, calibrants also
provide internal reference peaks for accurate mass deter-
mination of ions of unknown composition.
Laser desorption ionization is one of the important

ionization methods available for mass spectrometry
(LDI-MS). Historically, LDI-MS, and its more exten-
sively used variant, MALDI-MS, are used for mass
determination of large molecules [1]. However, many
useful applications of LDI-MS in the low mass region
(�m/z 500) have also emerged, and the technique has
become widely accepted [2, 3]. For example, organic
acids [4, 5], salts of oxyanions [5], amine-based chelat-
ing compounds [5], amino acids [6, 7], amino acid
derivatives [8], aromatic amines [9], oligosaccharides
[10], and pharmaceuticals [11] have been investigated
by LDI-MS. However, the calibration of the low mass
region is not often straightforward due to the presence
of many interfering matrix ions and their fragments.
Although a variety of compounds have been used for
calibration of LDI mass spectrometers [12–14], good
candidates for the low mass region have been particu-
larly sparse.

The results reported here outline the use of elemental
sulfur as an effective low-mass calibration standard for
LDI-MS because it provides a set of evenly spaced peaks
for sulfur cluster ions in the low mass range (m/z 0–500)
observable under both negative and positive modes.

Experimental

Chemicals

Sulfur purchased from Matheson Coleman and Bell
(Cincinnati, OH, USA) was used without any further
purification. The water and toluene used were both
HPLC grade and purchased from Pharmco (Brookfield,
CT, USA). 2,5-Dihydroxybenzoic acid was purchased
from Aldrich Chemical Company (St. Louis, MO, USA).

Sample Preparation

Sample spots were prepared using sulfur powder sus-
pended inwater. A small volume (1�L) of this suspension
was spotted on the plate. For the purpose of establishing
the consistency of the obtained spectra, several spots were
prepared in this manner. Deposits were also prepared by
evaporating, at room temperature, a solution (1 �L)
of sulfur in toluene (0.5 mg sulfur/mL) without any
pH adjustments. For mass determination of the 2,5-
dihydroxybenzoate anion, the compound and sulfur
were deposited as a solution in toluene.

Mass Spectrometry

Laser desorption ionization (LDI) mass spectra were
recorded using MassLynx software (version 3.5) on a
ToFSpec-2E (Micromass, Manchester, UK) equipped
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with a pulsed nitrogen laser (337 nm, pulse width 520
ns, pulse voltage 2,200 V). Source voltage was 20 kV
and spectra were recorded in reflectron mode with
voltage set at 26 kV. Sampling rate was set at 2 GHz.
The instrument was operated in delayed extraction
mode at an extraction voltage of 19,980 V, and focus
voltage of 16,000 V. Spectra were acquired from m/z 0 to
500 without a low mass cut-off setting. The energy of
the laser beam was adjusted for the desired ion yield.
The fluence of the laser beam was set at different levels
at 50% coarse, and between 40% and 90% fine, laser
power.

Results and Discussion

Recently, Hearley et al. showed that laser desorption of
elemental sulfur, selenium, tellurium, and phosphorus
generate a range of polynuclear ions [15]. For example,
sulfur generates a series of ions under both negative
and positive ion conditions upon irradiation by a 337
nm UV laser without the assistance of a laser absorbing
matrix.
Upon mass analysis, these ions generate spectra with

an array of evenly spaced peaks in the low mass region.

For example, Figure 1 and Figure 2 illustrate negative
and positive ion laser ionization mass spectra in the
range m/z 0–500 obtained from deposits of sulfur as an
aqueous suspension. Generally, the heterogeneity of
sample deposits is considered to give poor spot-to-spot
reproducibility, even for the same chemical substance
under LDI-TOF conditions. To validate the reproduc-
ibility of the peaks under the LDI conditions used in
this study, samples were deposited on four different
spots on the same target plate, and subjected to laser
ablation. The spectra recorded from different sample
spots were virtually identical. Moreover, results ob-
tained from spots derived from toluene solutions of
sulfur were essentially the same as those from aqueous
suspensions.
Raw m/z data obtained directly from the irradiation

experiment (Supplementary Figures 1a and 2a, which
can be found in the electronic version of this article)
were modified by applying a fourth order polynomial
curve, based on theoretical values given in Supplemen-
tary Table 1. The m/z values obtained after this modifi-
cation are presented in Supplementary Figures 1b and
2b. New spectra acquired using the external mass axis
calibration file generated under conditions given in

Figure 1. Negative-ion LDI mass spectrometric peak profiles obtained from elemental sulfur under
low [(a) laser coarse 50% and laser fine 45%], and high [(b) laser coarse 50% and laser fine 60%] laser
fluence. The Inset shows isotope pattern observed for S7

�• compared with that calculated for the S7
�•

peak cluster.
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Supplementary Figures 1b and 2b are shown in Supple-
mentary Figures 1c and 2c.
Although sulfur deposits produce series of intense

peaks in both ionization modes, the negative ionization
is more prolific, as peaks for the entire S1

�• to S15
�• series

are observed (Figure 1). In contrast, under positive ion
conditions, not as many peaks are observed (Figure 2).
To see peaks for the low mass ions, such as m/z 32 or 64,
higher laser fluence should be used (laser coarse 50%,
and laser fine 60%). Unfortunately, high laser fluence
leads to deterioration of resolution, shape, and intensity
of the peaks for the more abundant ions. This is a
well-known limitation of laser ionization-TOF instru-
ments, primarily due to the increased kinetic energy
spread of ions in the source before acceleration. Similar
dependence on laser power was observed for positive
ions as well (Figure 2). However, with optimal adjust-
ments of delayed extraction voltage and time, the
resolution of peaks for isotopologues in any cluster
could be improved (see inset in Figure 1, which shows
acceptable ratios congruent with the theoretical values).
The recognition of sulfur-related peaks in a mass

spectrum is possible because this element exists in
nature as a mixture of four isotopes [32S (94.93%), 33S

(0.76%), 34S (4.29%), and 36S (0.02%)]. The 2-m/z unit
separation between the two major peaks in each cluster
and their varying relative abundances enable the quick
recognition of sulfur peaks, and the determination of
the number of sulfur atoms in a given cluster. With fine
tuning of acquisition parameters, useful (32Sn)

�• to
(32Sn–1 � 34S1)

�• peak ratios can be obtained even for
low intensity peaks. For example, the relative abun-
dance ratio of 100:32, observed for a peak cluster under
the negative mode of operation, enabled the conclusion
that the major peaks in this group represent the isoto-
pologues (32S7)

�• and (32S6 � 34S1)
�• (see inset in Figure

1). Most mass spectrometers have computer controlled
automatic tuning capabilities. The presence of well-
defined isotope peaks in a reference compound is useful
for tuning because the instrument can be automated to
achieve a target resolution. Because the peak intensity
ratios of each cluster are well defined for sulfur, the
data system could correctly recognize the identity of
peaks even if the raw peaks deviated by several m/z
units from the expected values (Supplementary Table
1). Although sulfur generates peaks of different inten-
sities, when the high intensity peaks are poorly defined,
the operating data system can switch to an isotopologue

Figure 2. Positive-ion LDI mass spectrometric peak profiles obtained from elemental sulfur under
low [(a) laser coarse 50% and laser fine 45%], and high [(b) laser coarse 50% and laser fine 75%] laser
fluence.
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peak of lower intensity to obtain better calibration
results. This is particularly important when accurate
masses are being measured [16].
An effective calibrant should provide a series of well

defined mass markers over the mass range of interest.
When many data points are available, a high-order
polynomial fit can be used to generate a calibration
curve, which can then be used to convert experimen-
tally measured intensity-time profiles into intensity-m/z
plots. Spectra recorded from sulfur show a range of
equally spaced peaks (Figures 1 and 2). Figure 3 shows
a fourth-order polynomial fit to a set of data points
recoded in negative mode. The ordinate of Figure 3
shows the difference between the raw m/z value and the
theoretical m/z for each species represented by data
points marked as “x”s. The results obtained in this
manner showed a maximum deviation of less than 0.01
m/z units for each point from the calibration curve. This
is a very reasonable level of error for the low-resolution
mass spectrometer used in this study.
To verify the applicability of sulfur as an internal

mass calibrant for small molecules, a spectrum of 2,5-
dihydroxybenzoic acid was measured together with
that of sulfur. The acquisition was done without the use
of an external calibration file. After the acquisition, a
mass axis calibration was performed on the sulfur
cluster peaks. This calibration process changed the raw
m/z value for the 2,5-dihydroxybenzoate anion to
153.025 (calculated m/z for C7H5O4 153.019). The error
of 40 ppm observed in this way was better than the
100 ppm specification expected for the low-resolution
ToFSpec-2E mass spectrometer used in this study.
A good calibrant should not leave a memory effect.

Spectra recorded from spots other than those specifi-
cally coated with sulfur generated no peaks for sulfur
clusters. When used as an internal standard, a calibrant
must not interfere with or react with the sample. Sulfur
did not cause chemical or peak overlapping inter-
ferences in our experiments performed with 2,5-
dihydroxybenzoic acid.
Although the accurate masses and ion intensity

ratios presented here are within the expected ranges for
the instrument utilized in this investigation, a higher
performing mass spectrometer is expected to deliver
better results for small molecules when sulfur is used as
a mass calibrant.

Conclusions

Elemental sulfur is an ideal substance for low mass
calibration of laser ionization time of flight instruments.
Sulfur is not only inexpensive and commercially avail-
able in ultra pure form, it is also nontoxic and its sample
preparation is extremely simple. A simple dissolution
in a solvent, such as toluene, or a suspension in water,
is all that is required. The usual sample preparation
procedures, such as the addition of laser absorbing
matrix chemicals, or buffers, and pH adjustments with
acid or base are unnecessary. MALDI matrices are
known to give excessive chemical noise in the low-mass
region of spectra. In contrast, sulfur gives no excessive
chemical background; therefore, even the very weak
peaks can be found and properly assigned. Above all,
the same deposit can be used for calibration under both
positive and negative polarities, and the peaks do not
overlap with the common carbon based ions. When
used as an internal mass marker, no significant suppres-
sion of the ionization of other analytes was observed.
Furthermore, a higher level polynomial fit can be used
for calibration because an array of evenly spaced peaks
is obtained. In addition, sulfur’s lack of memory effects
widens its applicability as a low mass calibration stan-
dard for LDI-MS. Clearly, sulfur possesses all of the
attributes desired from a good calibrant.
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